Abstract. This paper discusses dynamic modeling of non-isolated DC-DC converters (buck, boost and buck-boost) under continuous and discontinuous modes of operation. Three types of models are presented for each converter, namely, switching model, average model and harmonic model. These models include significant nonidealities of the converters. The switching model gives the instantaneous currents and voltages of the converter. The average model provides the ripple-free currents and voltages, averaged over a switching cycle. The harmonic model gives the peak to peak values of ripple in currents and voltages. The validity of all these models is established by comparing the simulation results with the experimental results from laboratory prototypes, at different steady state and transient conditions. Simulation based on a combination of average and harmonic models is shown to provide all relevant information as obtained from the switching model, while consuming less computation time than the latter.
Introduction
DC-DC converters are an integral part of many modern electrical applications such as electric/hybrid electric vehicles (Khan 1994; Bellur et al 2007) and on-board ship power systems (Zahedi & Norum 2013) . To ensure good performance of such complex electrical system, various electrical components of the system are to be designed, controlled and integrated appropriately. Modeling and simulation of various components help to minimize the time and cost of development of the individual sub-systems as well as the overall system Emadi et al 2006) . 
Approach to modeling of non-ideal DC-DC converterss
A buck converter, a boost converter and a buck-boost converter having significant non-idealities are shown schematically in figures 1(a), 1(b) and 1(c), respectively. There are both similarities and dissimilarities among the three converters. This section presents an approach to modeling of non-ideal dc-dc converters.
Non-idealities
The non-ideal voltage source (or the output of the previous power conversion stage) is denoted by a voltage source with an open-circuit voltage V g and an internal resistance R g . Each nonideal active and passive element in the converter is represented by an ideal element in series with a resistance, which is a quantitative representation of the non-ideality. The actual MOSFET is represented as an ideal switch SW in series with the on-state drain-to-source resistance R SW , and the diode is considered as an ideal diode D f in series with a forward voltage drop V f . The practical inductor is represented as a series combination of inductance L and resistance R L . The non-ideal capacitor is regarded as a combination of an ideal capacitor C with an equivalent series resistance R C . The load or the next power conversion stage is modeled as a resistance R.
For simulation and experimental validation of the models of the three converters, the converter parameters considered are as shown in table 1. Both the values of the ideal elements and also their respective non-idealities in the three converters are tabulated in table 1.
Switching functions
The status of the ideal switch SW and that of the diode D f are given by the switching functions S 1 and S 2 , respectively. The switching function is either 1 or 0, depending on whether the device is ON or OFF. The switching function S 1 is supplied by the controller, and S 2 is generated by the converter model. The average values of S 1 and S 2 over a switching cycle are the duty ratio of MOSFET (i.e. D 1 ) and that of diode (i.e. D 2 ), respectively. Similar to S 1 and S 2 , the duty ratio D 1 is an input to the converter model, and D 2 is generated internally by the model.
Conduction modes
In all the three dc-dc converters, energy gets stored into the inductor during the ON-time of the active switch (MOSFET). The energy stored at the end of the ON-time causes freewheeling of the inductor current through the diode. If the energy stored is high enough, then the freewheeling action or conduction through the inductor continues throughout the OFF-time of the active switch, as illustrated in figure 2(a). This is termed as continuous conduction mode (CCM). On the other hand, if the energy stored is inadequate, the current conduction through the inductor and diode stops midway through the OFF-time of the active switch, as shown in figure 2(b). This is termed as discontinuous conduction mode (DCM). During the ON-time of MOSFET, the switching functions are S 1 = 1 and S 2 = 0. When the freewheeling diode is ON, the switching functions are S 1 = 0 and S 2 = 1. In case of DCM, when both the MOSFET and diode are OFF, the switching functions are S 1 = 0 and S 2 = 0. 
Pole voltage
The common node between the active device and the diode is termed as pole. Each of the three converters can be seen as a second-order system, driven by the pole voltage (v p ) as an input. It is straightforward to express the pole voltage in terms of the input voltage V g and switching functions in an ideal dc-dc converter. This paper presents a generalized pole voltage expression for each converter, valid for both CCM and DCM, and inclusive of the effects of non-idealities.
Inductor current
The voltage at one terminal of the inductor L in a DC-DC converter (buck or boost or buckboost) is fixed. This may be the input voltage, the output voltage or the reference zero. Hence the inductor current is controlled by the pole voltage v p , which is applied at the other terminal of the inductor. Essentially, the difference between the pole voltage on one terminal and the fixed voltage on the other terminal, is integrated to calculate inductor current i L .
Output voltage
The capacitor current i C is essentially the ripple component of the inductor current i L (in case of buck converter) or that of the diode current i D (in case of boost and buck-boost converters).
In the latter case, the diode current i D is obtained by multiplying the inductor current i L with the switching function S 2 . The load current i 0 is subtracted from i L or i D , to determine its ripple component i.e. i C . The capacitor voltage v c is obtained by integration of the capacitor current i C . The output voltage v 0 is the sum of capacitor voltage v c and the voltage drop across the equivalent series resistance (ESR) of the capacitor R C .
Types of dynamic models
The modeling approach, discussed so far, is represented by the block diagrams in figure 3 . Dynamic modeling of a converter can provide either the instantaneous values (switching model) or the switching-cycle averaged values (average model) of the electrical quantities. As seen from figure 3(a), the switching model is driven by the switching functions S 1 and S 2 . Using the switching functions and the input voltage, the instantaneous pole voltage v p is generated, which is then used to evaluate the inductor current and output voltage. The average model, shown in figure 3b , is driven by the duty cycles D 1 and D 2 . This model produces the average pole voltage V P ; the average inductor current I L and average output voltage V 0 are calculated from V P . These average quantities, along with the two duty ratios, are used by the harmonic model to evaluate the peak-to-peak ripple in inductor current ( I L ) and that in output voltage ( V o ), as shown by figure 3(c). The average model and the harmonic model in cascade, as shown by figure 3(c), are termed as the combined model, in this paper.
Switching model
The switching models of the buck, boost and buck-boost converters are shown by figures 4(a), 4(b) and 4(c), respectively. These switching models can mimic the behavior of the converters under CCM as well as DCM. The switching function S 1 of an ideal switch SW is supplied by the 
controller. The function S 2 is generated within simulation program as shown by the following equation.
The switching functions are used to determine the instantaneous pole voltage v P . The expressions for v P are different for the three converters, as shown by table 2. These equations are obtained from the respective schematic diagrams of the converters, shown in figure 1. It can be seen that the expression for v P under DCM is more general and is used in the simulation of a switching model. By imposing S 2 = S 1 on the general expression, the corresponding expression for CCM operation is obtained. 
Average model
Averaged model provides ripple free averaged values of various voltages and currents of the converter. The non-idealities in the converter could have significant effect on the output voltage. Expressions are derived in this section for the output voltage of the non-ideal converters. The output voltage depends not only on the duty ratio of the MOSFET, but also on that of the diode. Hence expressions are derived for the duty ratio of the diode (i.e. D 2 ) for the three converters. These are used to determine the boundary conditions for CCM and DCM operation of the converters.
Non-ideal voltage gain
Referring to figure 1(a), the volt-second balance across the ideal inductance L in a buck converter at steady state can be expressed as shown in (2). Further, this equation can be rewritten as shown in (3), where I L,ON and I L,OFF are the average values of the inductor current over the on-time and off-time, respectively, of the MOSFET switch.
During the on-time of the MOSFET, the time constant
is much longer than the on-time of the switch i.e. D 1 T S . Similarly, during the off-interval of the active switch, the time constant
is very much high, compared to D 2 T S . Hence the inductor current can be assumed to vary linearly with time in both the intervals as shown in figure 2. Consequently, I L,ON and I L,OFF can be expressed in terms of the peak current i P as shown in (4). The peak current is also related to the output voltage V o , as shown in (4).
Using (3) and (4), the non-ideal output voltage V 0 of the buck converter can be expressed in terms of V g , D 1 and D 2 as shown in table 3. A similar procedure is followed to derive the expressions for V 0 for the boost and buck-boost converters. These expressions are also tabulated in table 3. All these expressions pertain to the more general case of DCM. Replacing the variable D 2 by (1−D 1 ) in these expressions yields the output voltage pertaining to CCM operation of the converters.
Calculation of duty ratio D 2
Considering DCM, the KVL equation of the inductive circuit during the diode conduction period D 2 T s in a non-ideal buck converter can be written, as shown in (5). The corresponding averaged KVL equation is shown in (6). The average inductor current during the off-time of the switch I L,OFF and peak current I p are expressed in terms of output voltage V 0 , as shown in (7).
Substituting for the output voltage V o in (7) by the appropriate expression from 
shown in table 4, where K is termed as the conduction parameter, and is given by the following equation:
Similar equations for the other two converters are also shown in 
Impact of non-idealities on diode duty ratio D 2 and output voltage
The variations of D 2 with duty cycle D 1 for the non-ideal buck, boost and buck-boost converters are plotted in figures 5(a), 5(b) and 5(c), respectively. The corresponding variations are also plotted, ignoring the non-idealities, on the same figures. It can be inferred from figure 5 that the change in D 2 on account of the non-idealities is not very significant, at least for the sets of parameters considered in this paper. Hence, the non-idealities could be ignored, and the simplified expressions as given in table 5 could be considered for the evaluation of D 2 . Under CCM, D 2 is calculated as (1−D 1 ). However, the non-idealities have significant effect on the average output voltage as shown in table 6, which compares the ideal output voltage (ignoring the non-idealities) and the actual output voltages (considering the non-idealities) of the dc-dc converters at different operating conditions.
Boundary condition between CCM and DCM
At the boundary between the continuous and discontinuous condition modes of any converter, the duty ratios D 1 and D 2 are related as follows:
This substitution can be made in the equations relating D 1 and D 2 in table 4, which considers the non-idealities. The value of K at this boundary condition is termed as critical conduction parameter K cri . The expressions for K cri for the three non-ideal converters are shown in table 7. If the conduction parameter K, defined in (8), is greater than K cri , then the operation is in CCM as indicated by (10); otherwise the operation is in DCM as indicated by (11). Converter 
However, since D 2 is shown not to vary significantly due to the non-idealities, the simplified expressions for D 2 in table 5 can be used. Equating these expressions to (1−D 1 ), much simplified expressions are obtained for K cri as shown in (12)- (14). 
Dynamic average modeling
The dynamic average modeling of the converters is represented by the block diagram in figure 3b . The average pole voltage V p is determined using the input voltage V g , duty cycle D 1 and diode duty cycle D 2 as indicated in the figure. Table 8 shows the expressions for V P used in the average models of the three converters. The average pole voltage V p is used to evaluate the average inductor current I L as mentioned earlier. The relation between the average inductor current I L and the average diode current I D is also shown for the boost and buck-boost converters in the same table. The average diode current is used to determine the average capacitor voltage and average output voltage as shown in figure 3(b) .
Harmonic model
The value of peak to peak ripple in various currents and voltages of the converter is given by the harmonic model. The ripple in inductor current ( I L ), capacitor voltage ( V C ) and output voltage ( V 0 ) are provided by the harmonic model, using the results from the average model of the converter, as shown in figure 3c . The harmonic model of various converters is discussed in the following sections.
Harmonic model of buck converter
In buck converter, shown in figure 1(a) , the average inductor current (I L ) is equal to the load current (I 0 ). The ripple in inductor current ( I L ) passes through the capacitor ( I c ) i.e. I C = I L . Under CCM, the inductor current i L is continuous and is plotted in figure 6 (a). The ripple component of i L (i.e. i L -i 0 ) flows through the capacitor, as shown in figure 6(b) . The integral of capacitor current, divided by the capacitance C, gives the value of capacitor ripple voltage ( V C ) ( figure 6(c) ). The drop across the series resistance (R c ) of the capacitor has the same shape as that of capacitor current. The sum of drop across R c and the voltage ripple across C gives the value of output voltage ripple ( V o ), as shown in figure 6(d) .
Under DCM, the inductor current is zero during certain interval in the switching cycle, as shown in figure 7(a) . The capacitor current under DCM operation is shown in figure 7(b) . The capacitor ripple voltage and output voltage ripple are plotted in figure 7(c) and 7(d) respectively.
The value of inductor ripple current is calculated from the voltage across the inductor during ON or OFF period of the switch. The value of I L under CCM/DCM operation of buck converter 
is given in table 9. The value of capacitor ripple voltage is calculated from I L and is tabulated in table 9. The value of output ripple voltage is given by
Depending on the relative magnitude of I c or V C , the output ripple voltage V o is approximated as
Harmonic model of boost converter
In an ideal boost converter, the voltage across the inductor is V g or (V g -V o ) or zero; depending on the conduction of switch and diode. In a non-ideal boost converter, the voltage across the inductor reduces from its ideal value by the drop in resistive non-idealities. During ON period of the switch (i.e. D 1 T s ), the drop is calculated using the average value of inductor current, obtained from the average model of boost converter. The value of ripple in inductor current is given by the expression, tabulated in table 10. When the switch is OFF i.e. during (1−D 1 )T s or D 2 T s , the inductor current flows through the diode. The average diode current is equal to the load current (I 0 ). The ripple in diode current flows through the capacitor.
Under CCM, the minimal value of inductor current is indicated as i min , as shown in figure 8(a) . When the load current i 0 is less than i min , the capacitor ripple current is plotted in figure 8(b) . From the capacitor ripple current, the ripple in capacitor voltage ( V C ) is determined as shown in figure 8(c) . The output voltage ripple is given by the sum of resistive drop across R c and V C , as plotted in figure 8(d) .
Under CCM, when the load current i o is higher than the minimal value of inductor current i min , the shape of ripple current through the capacitor varies, as shown in figure 9(b) . The capacitor 
Harmonic model of buck-boost converter
In a buck-boost converter, the inductor current flows through the diode during off-time of active switch. The average diode current flows through the load. The ripple in diode current flows Step change 
Validation of simulation models
The harmonic and average models are combined together and referred as "combined model" in this paper for further discussion. This section discusses the comparison of combined Step change 
Comparison of combined model and switching model
The combined model gives all the information, as provided by the switching model. To validate this claim, the output from combined model and switching model of various converters are compared in figures 10-12. It is clear from the simulation results that the transient and steady-state values produced by the combined and switching models are similar.
Experimental validation
The accuracy of the models of buck, boost and buck-boost converters are verified by comparing the simulation results with that of the converter hardware. All the experiments were conducted on 20 W laboratory prototypes of various converters, built in lab. The switching frequency (f s ) of the firing signal to the MOSFET switch IRF741 is generated at 20 kHz by PWM generator IC TL494. The output voltage and inductor current of various converters are recorded in the digital Step change 
Analysis of computational time
The switching, average and combined models of buck, boost and buck-boost converters are simulated in MATLAB with a fixed step ODE solver. The step time for the simulation of switching, average and combined models of converters are 1e−7, 1e−5 and 1e−5 s respectively. The computational time for the converters to reach the steady-state operating condition is tabulated in table 14. The computation time of converters under transient conditions is listed in tables 15-17. From the tabulated value of computational time, it is clear that the average and combined models consume minimum time, as compared to that of switching model. During off-line simulation of dc-dc converters, the average and combined model can be satisfactorily used instead of the conventional switching model.
Conclusion
The switching, average and combined (average + harmonic) models of buck, boost and buckboost converters, including the non-idealities of the components, are developed. The models are simulated in off-line simulation environment with a fixed time-step. The time-step required for the switching model is much lower than that of the average and combined models. The computation time required by various models under steady-state and transient operating conditions of the converters are determined. From the obtained results, it is clear that the average and combined models take minimum computation time. The prototype of all the converters is built in the lab and the accuracy of the models is verified by comparing the simulation results with the hardware results. The models described in this paper are accurate and can mimic the behavior of the converters under steady-state and transient conditions. The detailed analysis of the models of the converters under various operating conditions proves that the combined model can replace the switching model of dc-dc converters, without any loss of accuracy.
